Cross section data have been compiled from the literature ͑to the end of 2003͒ for electron collisions with water (H 2 O͒ molecules. All major collision processes are reviewed including: total scattering, elastic scattering, momentum transfer, excitation of rotational, vibrational, and electronic states, ionization, electron attachment, dissociation, and emission of radiation. In each case we assess the collected data and provide a recommendation of the values of the cross section to be used. They are presented in a tabular form. Isotope effects (H 2 O versus D 2 O͒ are discussed as far as information is available.
Introduction
Water is the third most abundant molecule in the Universe ͑after H 2 and CO͒. 1 Apart from the importance of its maser action, water is expected to contribute significantly to the cooling of star-forming molecular clouds. 2 In the solar system, water vapor has been detected in the atmospheres of Venus, Mars, and the giant planets and even in the solar atmosphere. Water is also the most abundant molecule in comets. In the terrestrial atmosphere, H 2 O is the most important greenhouse gas, 3 contributing more than half of the 33 K of natural warming. Water is not a major precursor of global warming but, if the atmosphere warms due to increase in the concentrations of pollutants like CO 2 , the atmosphere will be able to hold more water vapor evaporated from surface and hence there will be an amplification of the warming effect. Water is the main product of combustion of hydrocarbon fuels, and hence it is one of the essential ingredients of the model flue gas. Finally water plays an essential role in our life, being the dominant component of the biological cell.
Electron collisions are a fundamental process in all of the phenomena involving water molecules stated above. For example, electron collisions are proposed to play a significant role in determining the rotational population of water molecules in cometary atmospheres. 4 This is of importance in the analysis of the observed emission from the comets. It is now feasible to use plasma techniques to control pollution from fossil fuel combustion. To model such control processes, we need to know the details of the elementary processes in the flue plasma including electron collisions. 5 The initial physical stage of radiation interaction with biological material can be understood on the basis of the analysis of the track structure caused by charged particles. The knowledge of electron interactions with water molecules is therefore vital in understanding radiation damage. 6 Electron collisions with H 2 O have been studied for many years with a large number of papers reporting cross section data for many different interactions. A review of the cross section data has been attempted by several authors. The atomic and molecular data relevant to radiation research were surveyed by a Committee of IAEA. Their report 7 includes cross sections for electron collisions with H 2 O. Recently Karwasz et al. 8 and Shirai et al. 9 have published a data review of electron collisions with molecules, both the reviews including cross section data on H 2 O. A recent bibliography prepared by Hayashi 10 may also be useful. Very recently an extensive data compilation has been carried out for electron collisions with a large number of molecules. 11 This work has provided a comprehensive set of cross sections recommended for total scattering, elastic scattering, momentum transfer, ionization, electron attachment, and excitations of vibrational and electronic states. However each of these reviews has some limitations, either in scope or in failing to provide a recommendation of values to be used by the ''applied'' community. The present paper reviews the cross section for electron collisions with H 2 O and aims to provide a more complehensive set of data than those published before. The present review is partly based on the Landolt-Börnstein data compilation, 11 but has a wider scope ͑e.g., including emission cross sections͒. After reviewing avaliable cross section data, we have determined a set of recommended values of cross section, when possible. The quality of the recommended data is not uniform over the processes considered. This reflects the situation that the availability of reliable data is different depending on the process. The general criteria for the selection of preferred data are as follows:
͑1͒ In principle, experimental data are preferred to theoretical ones. In some cases, however, elaborate calculations are referred to corroborate the experimenal work.
͑2͒ The reliability of the experimental methods empolyed is critically assessed. Agreement between multiple independent measurements of the same cross section is generally taken as an endorsement of the accuracy of the measured data. A strong emphasis is placed on the consistency of the results taken by completely different techniques.
͑3͒ In cases where only a single set of data is available for a given cross section, those data are simply shown here ͑i.e., not designated as recommended͒, unless there is a strong reason to reject them.
More details of the process of data evaluation can be found in each section.
To make a discussion more complete, information about the electron collisions with D 2 O ͑i.e., an isotope effect͒ is also presented. To the knowledge of the present authors, no information is available on the electron collisions with T 2 O.
The literature has been surveyed through the end of 2003.
The Molecular Properties of H 2 O
Water molecule in its electronically ground state has a C 2v symmetry ͑see Fig. 1͒ 
After a very extensive critical assessment of the available data, Ruscic et al. 14 determined the best value of the dissociation energy to be D͑H-OH͒ϭ5.0992͑Ϯ0.0030͒ eV.
Here both the dissociation products are in their electronically ground states. Other dissociation channels are listed in Sec. 10 .
H 2 O has a permanent electric dipole moment. Its direction is along the symmetry axis of the molecule ͑i.e., the z axis in Fig. 1͒, and Observed energies of the vibrational levels were summarized by Polyansky et al. 20 The lowest 13 levels ͑i.e., those below the second harmonic of antisymmetric stretching mode͒ are shown in Table 1 .
The rotational motion of water molecule is described by that of an asymmetric-top rotor. The rotational energy levels are presented in Sec. 5.
Electronically excited states are discussed in Sec. 7.
Total Scattering Cross Sections
The total scattering cross section (Q T ͒ of H 2 O has been measured by several groups. [21] [22] [23] [24] [25] [26] Table 2 lists these measurements and the energy range over which they were recorded. Figure 2 compares these results. The Q T of the different groups are in good agreement at the energies above about 30 eV. However in the lower energy region, they differ significantly from one another. At 10 eV, for example, the values of Q T measured by Nishimura and Yano, 23 Saglam and Aktekin, 25 Szmytkowski, 21 and Kimura et al. 26 are 16.6, 17.8, 20.9, and 23.2 in units of 10 Ϫ16 cm 2 , respectively. Hence the relative difference amounts to about 40%. These disagreements may be attributed to the uncertainty of each experiment in determining contributions to Q T from forward scattering. In electron collisions with H 2 O, the elastic ͑or more precisely, vibrationally elastic͒ cross section is very sharply peaked in the forward scattering direction ͑see Sec.
4͒. This is due to the strong dipole moment of the molecule. Thus forward scattering is a large fraction of Q T .
All the measurements listed in Table 2 are based on the electron transmission method. Usually in the method, the detector cannot totally discriminate against electrons elastically scattered at the angles smaller than a certain value ͑de-noted by min here͒ which is determined by the acceptance angle of the apparatus. In other words, we have the relation
Here Q T ͑measured͒ is the measured value of Q T and is defined by
where q() is the differential cross section. Furthermore in the actual experiment, min depends on the scattering center in the collision chamber, and hence it is not easy to estimate the correction, ⌬Q T , precisely. All the authors of the above papers recognized this problem and tried to estimate the uncertainty arising from the necessary correction to their recorded data. For example, Szmytkowski 21 stated that the contribution of the forward scattering was about 0.4% of the measured Q T at energies of 2 eV and below. Sueoka and his colleagues refined their earlier data to allow for min and revised their earlier measurement. 27 The revised Q T is reported in their review paper. 26 In the energy region below about 10 eV, we have the relation
Here Q elas is the vibrationally elastic cross section ͑for the magnitude of inelastic cross sections, see later sections͒. Recently Tennyson and his colleagues 28 have made an elaborate calculation of Q elas ͑for details, see Sec. 4͒. Figure 2 shows also their elastic cross section. The Q T of Kimura et al. 26 is in very good agreement with this theoretical Q elas and supports the reliability of the Q T of Kimura et al. 26 A detailed comparison shows that the Q T of Kimura et 30 showed in their calculation of elastic cross section that, if one considers the distribution of rotational states at room temperature, the resulting value of Q elas is decreased by about 10% at 6 eV. Considering these two points ͑i.e., uncertainty of the experiment and the rotational distribution in theory͒, the agreement between the theoretical Q elas and the Q T of Kimura et 
Elastic Scattering and MomentumTransfer Cross Sections
Almost all the electron beam experiments have insufficient energy resolution to resolve each rotational state of the water molecule. Hence any elastic cross section, Q elas , obtained experimentally is only vibrationally elastic: i.e., including the cross section for rotational transitions, averaged over the initial rotational states and summed over the final ones. In the present section, therefore, Q elas is defined as the vibrationally elastic cross section. Pure elastic, or rotationally elastic, cross sections are discussed in Sec. 5.
After surveying the available experimental results, [32] [33] [34] [35] [36] Buckman et al. 37 recently presented their recommended values of Q elas . They claimed 40% accuracy in the resulting data. Until recently beam experiments were unabale to measure differential cross section ͑DCS͒ in the forward or in the backward scattering directions. To derive integral cross section ͑ICS͒, the measured DCS were extrapolated towards 0°F 38 succeeded in measuring the DCS at 10°-180°, with the use of a magnetic-angle-changing device. In Fig. 4 , the ICS they determined are compared with the values recommended by Buckman et al. There is a good agreement between the two sets of Q elas .
As is described in the previous section, Tennyson and his colleagues 28 obtained Q elas using the R-matrix theory. In Fig.  4 , their theoretical result is compared with another theoretical one by Okamoto et al. 30 and the experimental data of Cho et al. There is a large disagreement between the theoretical and the experimental values at energies below 20 eV, but the discrepancy decreases with increasing energy. Figure  5 shows a corresponding comparison of DCS at 6 eV. The theoretical DCSs ͑particularly those of Tennyson et al., which are shown in the paper by Faure et al. 39 ͒ agree very well with the experimental DCS of Cho et al. This indicates that the difference in the ICSs shown in Fig. 4 is ascribed to the difference in the contribution of the DCS at the angles smaller than 20°. Cho et al. estimated the contribution by a multiparameter fitting of the measured DCS. Because of the strong dipole moment of the molecule, the elastic DCS for H 2 O has a very sharp peak in the forward direction ͑accord-ing to the theory, 28 the DCS at 2°has a value of 3.71 ϫ10
Ϫ14 cm 2 at 6 eV͒. It is therefore likely that any extrapolation procedure will introduce a large systematic error. For example use of a polynomial fit may result in an underestimate of the cross section at Ϸ0°. On the other hand, theory can reliably take into account the dipole effect, which dominates at the lower collision energy. Furthermore, as shown in Sec. 3, the theoretical elastic cross section agrees well with the recommended values of the total cross section in the energy range below about 10 eV. As a result, we recommend the theoretical cross sections of Tennyson et al. 28 for use at 6 eV and below. Figure 6 shows a similar comparison of DCS at 50 eV. At this energy, only the theoretical cross section of Okamoto et al. is available for comparison with experiment. From this figure, we can conclude that the theoretical ICS is too large compared with experiment at 50 eV. Hence we prefer to recommend the experimental data at 50 eV and above. To provide the recommended cross section in the energy region 6 -50 eV, we simply interpolate the two sets of cross sec- tions: the theoretical ones below 6 eV and the experimental ones above 50 eV. The resulting recommended values of Q elas are shown in Fig. 4 with crosses. The numerical values of Q elas thus recommended are given in Table 4 . We would however recommend that new experimental data be collected ͑using the magnetic-angle-changing technique͒ for energies below 10 eV and that more elaborate theoretical calculations be performed above 20 eV.
The momentum-transfer cross section is defined by the formula
where q elas is the elastic differential cross section. Momentum-transfer cross sections, particularly those at low energies, may be determined by swarm experiments. The most recent swarm measurement is that performed by Yousfi and Benabdessadok 40 and plotted in Fig. 7 . According to its definition, Q m is also obtained from the DCS for elastic scattering measured by beam experiments. By definition, a largeangle scattering contributes to Q m much more than a smallangle one. Because Cho et al. 38 measured DCS up to 180°, their Q m is expected to be most accurate. ͑Note that, since the forward scattering has a less significant contribution to Q m , the extrapolation in the forward direction should have a small effect in this case.͒ Their derived Q m are also plotted in Fig. 7 . The figure clearly shows that the swarm data are almost in agreement with the beam data of Cho et al. In conclusion, the swarm values of Q m are recommended and are tabulated in Table 5 .
Rotational Transitions
Rotational motion of water molecule is represented by that of an asymmetric-top rotor. Its energy levels are labeled by a quantum number J K Ј K Љ , where J is the rotational angular momentum, KЈ is the projection of J along the axis of least moment of inertia ͑i.e., the y axis in Fig. 1͒ , and KЉ is the projection along the largest moment of inertia ͑the x axis͒. Instead of using (KЈ,KЉ), the levels are often denoted by a pseudoquantum number , which is defined by
ϭKЈϪKЉ. ͑5͒
The rotational energy levels of water are separated into two sets, the one with even values of ͑para levels͒ and the other with odd values of ͑ortho levels͒. Neither photoabsorption nor electron impact can induce a transition between the two sets of rotational states. Experimental values of the rotational energy levels of H 2 O have been summarized by Tennyson et al. 41 Table 6 shows them with Jϭ0 -3. 41 Tennyson and his colleagues 39, 42 have made a comprehensive calculation of the cross section for electron-impact rotational transitions of H 2 O using the R-matrix method. Their calculation was based on the fixed-nuclei approximation, corrected with the Born-closure formula for the dipole allowed transition and with a simple kinematic ratio for the threshold behavior. They obtained cross sections for the transitions among all the rotational levels up to Jϭ5 at the collision energies 0.001-7.0 eV. Representative values shown in Fig. 8 ͑and Table 7 and Table 8͒ present the cross sections for the transitions from the rotationally ground state J ϭ0 0 . For simplicity of presentation, they are the cross sections summed over , i.e.,
According to the selection rule, only the para states can be excited from J ϭ0 0 . The calculation shows that: ͑i͒ Among the inelastic processes, the dipole-allowed transition dominates over others. In the transition from Jϭ0, Q rot (0→1) is a factor of 40-50 larger than Q rot (0 -2), which is the largest of the dipole forbidden processes.
͑ii͒ At around 1 eV, the rotationally elastic ͑i.e., Jϭ0 →0) cross section is much smaller than Q rot (0→1). It increases, however, with decreasing energy and exceeds Q rot (0→1) at Eϭ0.025 eV and below. It should be noted, however, that the fixed-nuclei approximation may fail at lower energies. According to the authors of the calculation, the data shown here at the energies below 0.1 eV should be used with caution.
In the higher energy region ͑6 -50 eV͒, Gianturco et al. 43 reported another calculation. They reported cross sections only for the transition from the rotationally ground state (J ϭ0). A comparison at 6 eV shows that, for the dominant processes ͑i.e., Jϭ0→Jϭ0,1), the two sets of cross sections agree with each other, but there is a somewhat large disagreement for other processes. Combining the results of the two calculations, we can say that, in the energy range 0.1-10 eV, the dipole-allowed rotational transition has the dominant contribution to the vibrationally elastic cross section ͑i.e., Q elas in Sec. 4͒ and otherwise the rotationally elastic process ͑i.e., Jϭ0 -0) also has a sizable contribution to Q elas . The only experimental attempt to investigate rotational transitions was made by Jung et al. 44 They could not resolve each rotational transition but obtained the excitation and deexcitation cross section as a sum, respectively. Furthermore they reported only DCS at 2.14 and 6.0 eV. Gianturco et al. compared their calculation with the measured DCS and found a qualitatively good agreement. However, given the improvement in stability and resolution of modern electron spectrometers, it would be timely to remeasure the values of Jung et al.
Due to the small interlevel spacings, water molecules in the gas phase at a finite temperature will be populated over a large range of rotational states. At 300 K, for example, the states with Jϭ1 -5 have a significant population. In making allowance for such states in electron scattering, we believe that the paper of Faure et al. 39 should be referred to for the transitions from those states.
Faure et al. 39 also calculated the rotational cross section for D 2 O. Their calculation shows that the Q rot ͑0→1͒ for D 2 O is always larger than that for H 2 O. For example, the ratio Q rot ͑0→1,D 2 O͒/Q rot ͑0→1,H 2 O͒ is 1.11 at 1 eV and 1.17 at 0.1 eV. It should be noted here that, as for the isotope effect, they took into account only the difference in the rotational constant. They assumed the same interaction potential for the two isotopes. Actually, D 2 O has almost the same value of dipole moment as H 2 O. 14 The remaining difference in the interaction may not much affect the dipole allowed transition ͑say, Jϭ0→1), but change the result for other transitions ͑i.e., Jϭ0→0,2,3, . . . ).
Vibrational Excitation
To date three electron beam/gas beam measurements [45] [46] [47] of vibrational excitation cross section, Q vib , have been reported. None was capable of resolving the two stretching modes, ͑100͒ and ͑001͒. Hence everyone gave the cross section for the composite of the two modes. ͑Recently, however, a new experiment has reported separate excitation cross sections for the two stretching modes albeit at one angle and three energies. See below.͒ The results of these three measurements are almost in agreement with one another for the stretching modes. Taking a weighted average of those data, Brunger et al. 49 have determined the recommended values of Q vib in the energy range 1-20 eV ͑Fig. 9͒. For the bending mode, there are some discrepancies between the results of the three measurements. In particular, El-Zein et al. 48 found a resonance-like sharp peak at 7.5 eV for the ͑010͒ excitation. Placing a more weight on the most recent result by El-Zein et al., 48 Brunger et al. 49 have determined the recommended values of Q vib for the ͑010͒ mode as shown in Fig.  10 .
Three different groups [50] [51] [52] Figs. 9 and 10 . In the energy region above 1 eV, the swarm data agree with the present recommended values for ͑010͒ transition, but not for (100)ϩ(001). In principle, the swarm data are more reliable in the lower energy region. Here we adopt the swarm data to extend the recommended values to the energies below 1 eV. The resulting Q vib for the stretching modes is consistent with the peak found by Rohr, but it does not hold for the bending mode. Recently Nishimura and Gianturco 54 repeated the calculation of Nishimura and Itikawa 51 with an improved potential for electronexchange and polarization interactions. Particularly they obtained theoretical cross sections at the energies below 1 eV. Their result for the bending mode is in good agreement with the present recommended values. Their cross sections for the stretching modes, however, do not reproduce the experimental peak observed by Rohr and disagree with the present recommended values over the whole energy range up to 10 eV.
Allan and Moreira 55 recently succeeded to separately measure the cross sections for the two stretching modes, ͑100͒ and ͑001͒. They reported only the DCS at 135°measured at the energies of 0.05, 0.6, and 3.0 eV above the respective thresholds. They found that, at all the energies of their experiment, the symmetric stretching mode, ͑100͒, has much larger cross sections than the antisymmetric one, ͑001͒. Nishimura and Gianturco 54 found a similar trend in their calculation. For example, the excitation cross section for ͑100͒ calculated by Nishimura and Gianturco at 1 eV is about four times larger than the corresponding value for ͑001͒. It should be noted that Nishimura and Gianturco report only ICS and, hence, no direct comparison with the experimental DCS can be made.
Allan and Moreira 55 also reported the cross section for the vibrational excitation of D 2 O. Their measured cross sections ͑i.e., DCS at 135°and at 0.6 eV above the threshold͒ show a small isotope effect. The cross section for H 2 O is larger than that for D 2 O for all the three normal modes. For the stretching modes, this is almost consistent with a previous measurement of isotope effect by Ben Arfa et al. 56 The latter authors measured the DCS at 40°and 8 eV. They observed no isotopic difference for the bending mode. Since the nuclear motion is directly involved, the study of isotope effect must be valuable in the understanding of the vibrational excitation of molecules.
Having reviewed all the data, our recommended values of Q vib are given in Table 9 , nevertheless we recommend that new experimental data be collected, both DCS and ICS for vibrational excitation of H 2 O. Table 10 lists the electronically excited states of H 2 O below about 11 eV. The electronically ground state of H 2 O belongs to the C 2v symmetry and has the electron configuration Table 10 shows the vertical excitation energies for each excited state. Each excited state is labeled by the irreducible representation of the C 2v group ͑the first column of the table͒ and the dominant excitation from the ground state ͑the second column͒. The standard way to study excited states is through photoabsorption spectroscopy. However, the most recent spectroscopic study of H 2 O is that of Chan et al., 57 who employed the dipole (e,e) method ͑see below͒ to mimic a photoabsorption spectra. Excitation energies derived from their spectra are listed in the seventh column of Table 10 . The spectrum of water in the energy region 10-20 eV con- sists of many discrete peaks, which may be assigned to the transitions from the outer valence to the Rydberg orbitals. The Rydberg series of the spectra has been analyzed in detail by Gürtler et al.
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The photoabsorption spectroscopy only gives information on the optically allowed excited states. Electron-impact spectroscopy is useful for the study of optically forbidden states. The most extensive work of electron spectroscopy of H 2 O was made by Chutjian et al. 59 They covered the energy loss range of 4. 28 theoretically constructed the potential surfaces of H 2 O. They changed the length of one OH bond, but fixed the other OH bond and the H-O-H angle at their equilibrium values. They considered the lowest two excited states of both AЈ and AЉ, and both singlet and triplet states. The transition energies of their lowest four states are given in the sixth column of Table 10 and they are in good agreement with experimental values. The four higher energy states are located too high compared with the experimental result. This may be due to the fact that diffuse states cannot be accurately represented in their calculation.
Excitation Cross Sections
To date no electron beam measurements have reported absolute values of the excitation cross section of H 2 O. Therefore to provide information on the excitation cross sections of water, data have, at present, to be based upon: a semiempirical model, a swarm experiment and theory. Taking into consideration the results of photoabsorption and electron-impact spectroscopies, Olivero et al. 63 introduced a semiempirical model to produce a set of excitation cross sections of H 2 O. Zaider et al. 64 modified those cross sections to apply them to the track structure calculation in radiobiology. Yousfi and Benabdessadok 40 made a swarm experiment and derived a cross section set for H 2 O. For the excitation of electronic states, they used the work of Olivero et al. to determine excitation processes and their threshold energies. Those excitation processes, however, do not necessarily correspond to those listed in Table 10 . For example, they assumed a triplet state excitation with the threshold of 4.5 eV. A detailed measurement of the energy loss spectra in the 4 -6 eV region by Edmonson et al. 65 and later by Cvejanovic et al. 66 confirmed no state at around 4.5 eV. Instead, as is shown in Table 10 , we have the 3 B 1 state at 7.0 eV, which was not taken into account in the swarm analysis. A measurement of electron energy-loss spectra has a possibility of providing DCS for the excitation process. Trajmar et al. 71 measured the energy loss spectra at the electron energies of 15, 20, and 53 eV. They derived DCS for a number of excited states but only in relative scale. From a beam experiment at 500 eV, Lassettre et al. 72 obtained the generalized oscillator strength ͑GOS͒ for the energy loss peak at 7.4, 10.1, 11.0, and 13.3 eV over the squared momentum transfer K 2 ϭ0.1-2.0 a.u. Klump and Lassettre 73 extended the measurement and determined the GOS for the 7.4 eV peak up to K 2 ϭ4.5 a.u. According to the Born-Bethe theory, an intensity at the forward scattering for incident energy much higher than 100 eV gives the optical oscillator strength. This is called the dipole (e,e) method. To obtain the ''equivalent'' photoabsorption spectrum of H 2 O with this method, Chan et al. 57 measured the forward angle electron scattering with 8 keV electrons. Such information, though fragmentary, may be useful in the testing of theoretical calculations.
Due to the lack of data, we therefore cannot provide a recommended set of values for electron impact excitation of water. This is a serious problem since electronic excitation is important in planetary atmospheres, plasmas, and radiation chemistry. Experiments and refined theory are urgently needed.
Ionization
Recently Lindsay and Mangan 74 reviewed available experimental data on the electron impact ionization cross section of molecules. In so doing, they put much stress on the reliability of the experimental techniques employed. In particular, methods capable of collecting all the product ions are preferred. A special care should be taken to avoid discriminiation against energetic fragment ions. Furthermore, a greater weight is placed on the experiment not relying on normalization to other works. As a result, Lindsay ϩϩ to be less than 10 Ϫ20 cm 2 at 200 eV. The total ionization cross section was obtained as a sum of those partial ones. The uncertainty of that is 6%. The resulting values ͑shown in Fig. 12͒ are in good agreement with those obtained by a total-ion-current measurement ͑e.g., Schutten et al. 77 ͒ within the combined error limit and theoretical cross sections obtained with the BEB method by Hwang et al. 78 The total and partial 80 In Table 11 , the cross section for OH ϩ has a nonzero value at 17.5 eV. This seems contradictory to the appearance potential shown here ͑i.e., 18.116 eV͒. This discrepancy is probably due to the uncertainty in the energy of the electron beam mentioned above.
The energy distribution of the ejected ͑secondary͒ electrons is of practical importance. It is needed when the energy deposition of the incident electron is required, e.g., in models of radiation damage where the secondary electrons lead to strand breaks in cellular DNA. The energy distribution, called the single differential cross section ͑SDCS͒ of ionization, was obtained experimentally by Bolorizadeh and Rudd. 81 They measured angular distribution of the ejected electrons, from which the SDCS was derived. Their values of SDCS are shown in Table 12 . More detailed information of angular and energy distributions of the ejected electrons can be found in a recent theoretical paper by Champion et al. 82 On the basis of the measurements of several groups, Lindsay and Mangan concluded that the H 2 O and D 2 O total and partial ionization cross sections are essentially identical. Recently Tarnovsky et al. 83 
Dissociative Attachment
Electron attachment to many molecules has been reviewed by Itikawa. 84 85 as a recommended value, since Melton's cross section shows a good agreement with the result of a previous independent measurement by Compton and Christophorou 86 and no recent measurement of the absolute values of the cross section has been reported. We confirm this recommendation.
Electron attachment to water results in three kinds of negative ion fragments, H Ϫ , O Ϫ , and OH Ϫ . Cross sections for each anion are shown in Fig 13. Their numerical values are given in Tables 13, 14 , and 15. Belic et al. 87 made a detailed study of the attachment process ͑e.g., measurements of energy and angular distributions of H Ϫ ). They interpreted the three peaks in the cross sections ͑at 6.5, 8.6, and 11.8 eV͒ as being due to the Feshbach resonances. ͑Melton showed no third peak in the H Ϫ curve. Belic et al., however, observed H Ϫ at around 11.8 eV and concluded its intensity to be approximately 600 times weaker than the value at 6.5 eV.͒ The three peaks correspond to the resonance with 3 88 calculated the resonance energies of the states and obtained reasonable agreement with the experimental results. These Feshbach resonances might affect other collision processes ͑i.e., elastic scattering and excitations of rotational, vibrational, and electronic states͒. There is however no report of experimental observation of these resonances in elastic and vibrational cross sections, but theoretical calculations of electron-impact excitation of electronic states suggest that these Feshbach resonances may be observed in excitation cross section ͑see, for example, Gorfinkiel et al. 28 
͒.
In recommending the values of Melton, we remark that these are over 30 years old and it is now known that many early measurements of anions produced by electron impact suffered from kinetic energy discrimination of the anions. We therefore strongly recommend a new measurement of dissociative electron attachment to water.
Dissociative attachment is expected to have a large isotope effect. Compton and Christophorou 86 have measured dissociative attachment cross section both for the D Ϫ formation from D 2 O and for the H Ϫ formation from H 2 O. They found that the ratio of the D Ϫ cross section to the H Ϫ one was 0.75 at the maximum ͑at 6.5 eV͒. The corresponding ratio for the energy-integrated cross section was 0.60. This is easily understood by the large mass of D Ϫ compared with H Ϫ . ͑A more detailed discussion of this isotope effect is given by Belic et al. 
Emission Cross Sections
When an electron collides with a water molecule, radiation is emitted over a wide range of wavelengths. Most of the radiation arises from dissociation fragments in their excited states ͑i.e., H*, O*, OH*). The corresponding emission cross sections, Q emis , are discussed here in two spectral regions: ͑1͒ visible and near ultraviolet ͑UV͒ regions and ͑2͒ vacuum ultraviolet ͑VUV͒ region. Table 16 summarizes the possible dissociation channels in electron impact with water. It shows the minimum energy for the formation of the respective fragments ͑according to the thermodynamics given in Sec. 2͒ with the corresponding thresholds observed in experiments.
One of the important aspects of the emission measurement is the degree of polarization of the radiation. To accurately determine the emission cross section, one has to take into account the polarization of the emission. All of the experiments cited below, however, assume the polarization to be weak or simply ignore the effect. There is a measurement of polarization for the emission of OH A-X transition. Becker et al. 89 found the polarization of its ͑0,0͒ band is Ϫ5.2 (Ϯ1.1)% at 11.9 eV, but becomes less than a few % at the energies above 20 eV. For the Balmer radiation, Vroom and de Heer 90 could not detect any polarization at least above 50 eV. Furthermore, the VUV emission following dissociative excitation of polyatomic molecules can be assumed unpolarized, because a large number of repulsive channels are involved in the process. 91 In any case, considering the uncertainty of the measured values of Q emis , the polarization of the emission, if any, does not affect the conclusion presented below about the emission cross section.
Visible and Near-UV Regions
There are two comprehensive studies of the spectra in this region, 92, 93 and earlier measurements are reviewed in these two papers. Beenakker et al. 92 measured the emission in the 185-900 nm region. They obtained the Q emis at the collision energies from threshold to 1000 eV. Müller et al. 93 surveyed the emission in the 280-500 nm region, but reported an absolute cross section only at 100 eV.
OH* A-X Transition
Beenakker et al. 92 OH ͑0-0, 1-1, 2-2͒ bands of A 2 ⌺ ϩ -X 2 ⌸. The cross section for the emission they measured is shown in Fig. 14 93 They resolved each of 0-0, 1-1, and 2-2 bands. The cross section summed over the three bands at the collision energy of 100 eV is compared in Table 18 with the corresponding value obtained by Beenakker et al. Despite the uncertainty claimed in both the experiments, the two experimental cross sections differ markedly from one another.
H* Balmer Emissions
Beenakker et al. 92 They reported the energy dependence of the Q emis only for the Balmer ␤ (nϭ4 -2) emission and this is shown in Fig.  15 . From the measurement at 100, 200, 500, and 800 eV, they concluded that the energy dependence of all the Balmer lines is the same within 4%. They reported the Q emis at 300 eV for all the Balmer lines relative to the Balmer ␤ one. The Q emis for the Balmer radiation has also been measured by Möhlman and de Heer. 94 They showed the energy depen- The cross sections for these lines are shown in Fig. 16 and Table 20 . Beenakker et al. claimed an uncertainty of 20% for both the emissions. The corresponding values at 100 eV are given in Table 18 for comparison with other lines.
Other Emissions
Müller et al. 93 observed some other emissions. They obtained the cross sections for Figure 17 shows the cross section for the H Lyman ␣ emission at 121.6 nm, measured by Morgan and Mentall and renormalized as above. 
Dissociation into Neutral, Nonemitting Fragments
When water molecule dissociates upon a collision with electrons, some of the neutral fragments are produced in their ground or metastable states, emitting no radiation ͑see Table  16͒ . These fragments are difficult to detect but recently new methods have been developed to measure the metastable O ( 1 S) fragment and the OH in its ground state, X 2 ⌸.
Kedzierski et al. 100 measured the cross section for the production of O ( 1 S), using a solid xenon matrix detector. The detector is selectively sensitive to O ( 1 S). The cross section was made absolute using a modified relative flow technique. The signals from H 2 O targets were compared with those from CO 2 . The cross section for the latter molecule was used as a standard. The resulting cross section is shown in Fig. 18 and Table 23 . Kedzierski et al. 100 claimed an overall uncertainty of 30% of their data.
The cross section for the production of the ground state OH was measured by Harb et al. 101 They employed a laserinduced-fluorescence technique to detect OH (X). The cross section was made absolute by comparing with the dissociative attachment channel H 2 O→OHϩH Ϫ . In so doing, use was made of the attachment cross section determined by Melton 85 ͑see Sec. 9͒. The cross section for the production of OH (X) is shown also in Fig. 18 . The numerical values are tabulated in Table 24 . The final error was estimated to be 36%. Assuming that the excitations of the 1 3 B 1 and 1 1 B 1 of H 2 O yield the fragment OH ͑X͒, Gorfinkiel et al. 28 compared their theoretical cross scetions for the excitation of those states with the measured values of dissociation cross section for OH ͑X͒. It was found that the theoretical cross section was too large at the energies below 10 eV and became close to the dissociation cross section at around 15 eV ͑the highest energy for which the calculation was done͒. This discrepancy may be due to the limitation of the calculation, i.e., the onedimensional model of nuclear motion. More flexibility of nuclear motion would open other channels, reducing the theoretical probability of the excitation of the relevant states.
Since there remains a possibility that the dissociative attachment cross section values of Melton may contain a systematic error, it is important to remeasure the attachment cross section and use these new values to renormalize the OH (X 2 ⌸) cross section. Figure 19 provides a summary of the present compilation of cross sections for eϩH 2 O collisions. Cross sections tabulated for the following processes are shown in the figure: total scattering ͑Table 3͒, elastic scattering ͑Table 4͒, momentum transfer ͑Table 5͒, rotational transition Jϭ0→1 To make the cross section data set more comprehensive and more accurate, we need further experimental studies, particularly in the following areas:
Summary and Future Problems
͑1͒ A measurement of total scattering cross section is needed at low energies particularly below 1 eV, with care taken to allow for any necessary forward-scattering corrections. ͑2͒ Elastic scattering cross sections in the energy region below 4 eV are need to be measured using the magnetic angle changing technique. Especially the forward scattering peak predicted by theory should be studied experimentally. ͑3͒ No beam-beam experiments provide information on the rotational cross sections for individual transition. A careful analysis of the profile of the elastic peak in the energy loss spectra could provide the information of the rotational cross section. ͑4͒ More elaborate and quantitatively detailed measurements of the vibrational cross sections would be desirable in the energy range: ͑a͒ around 7.5 eV and ͑b͒ near threshold ͑below 1 eV͒. The presence of a resonant process in the former region must be explored. ͑5͒ The last measurement of the absolute values of dissociative attachment cross section was more than 30 years ago and may contain kinetic energy discrimination effects. It therefore should be repeated. ͑6͒ A detection of neutral dissociation fragments is of prime importance, since there is currently no information of the production of O( 3 P) and O( 1 D) fragments. ͑7͒ No beam experiment has been done to obtain absolute cross section for the excitation of electronic states. Since the energy loss spectra have been measured several times, it is, in principle, possible to experimentally derive DCS for the electronic excitation from the spectra. Most of the excitations are expected to lead to dissociation of the molecule, but it would be of great interest to reveal the details of the dissociation path ways from each electronic state. ͑8͒ The cross sections dealt with in the preceding sections can depend on the internal energy of the molecule and hence on the gas temperature. In the present paper, however, experimental data are collected from the measurement at room temperature. Any study of the dependence of the cross section on the gas temperature may be useful for applications.
Once electron interactions with water in the gas phase have been established, the influence of phase should be considered. As is indicated in the Introduction ͑Sec. 1͒, water is the most important biological molecule. Electron interactions with a water molecule are the fundamental processes in the radiation action on biological matter. However in biology, water is in liquid phase. Due to the scarcity of experimental and theoretical knowledge of the electron interaction with liquid water, the gaseous water is often used to simulate the biological medium. This is a challenging problem and it is necessary to find if and how cross sections in the gas phase can be modified to estimate cross sections in liquid phase which will be used to estimate radiation effects in biological systems.
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